A B S T R A C T The rate of eccrine sweating has been studied by collecting samples in unventilated capsules from human subjects following subdermal or intradermal injections of acetyl-j3-methylcholine and under moderate total body heat exposure. The rate of sweating in a given area of skin could increase by recruitment of fresh glands, enhanced output of the already active glands, or some combination of both.
INTRODUCTION
Human eccrine sweat appears to be formed from an isotonic or slightly hypertonic precursor fluid, from which sodium and chloride are reabsorbed to leave a hypotonic sweat (1) (2) (3) . According to Brusilow (4) the precursor fluid is initially hypertonic but is made isotonic later on by the diffusion of water into the lumen of the proximal portion of the sweat gland. Received for publication 22 July 1969 and in revised form 29 December 1969. The reabsorption of sodium appears to be an active process of limited capacity, so the sodium reabsorption rate of a population of glands will remain constant once the saturation point has been reached (4) (5) (6) (7) (8) . In symbols, sodium reabsorption at its maximum becomes TmNa.
The sodium reabsorption rate (Nareab) for any given sweat gland population can be calculated as follows: Nareab rate = (145 -[Na]aw) Vol., rate. The postulates, identities, and assumptions upon which this equation is based are summarized in Fig. 1 . The first assumption is that the sodium concentration of the precursor fluid [Naiprec is at or near isotonicity with plasma (145 oEq/ml). This is based on the investigations of Cage and Dobson (1), Bulmer and Forwell (6) , and others. Cage and Dobson studied the slope of the resulting curve when the rate of Na excretion per unit area was plotted against the sweat rate per unit area. They took this slope to be the [Na] of the precursor fluid. In six subjects, the average value for the [Na]pr.ec was 137.8 mEq/liter. Bulmer and Forwell (6) , by extrapolating the sodium concentration to infinite sweat rate, also concluded that the precursor fluid is generally in the isotonic range. Additional evidence indicating that the precursor fluid is not hypotonic is provided by Brusilow (4) and Slegers (9) . They found slightly hypertonic values for this fluid by determining the freezing point depression on frozen microsections. However, if the precursor fluid is hypertonic instead of isotonic, then the calculated Na.eab rate will be below the actual Nareab rate by a value equal to the difference between 145 and the actual [Na]prec.
The second assumption is the absence of significant water reabsorption from the hypotonic sweat inside the double-layered distal portion of the sweat duct into the surrounding isotonic interstitial medium. This portion of the sweat duct has generally been thought to be relatively impermeable, by analogy with the collecting POSTUL A TES 8 IDENTI T/ES. ( (13) , is that the urea is secreted somewhere within the sweat duct. This problem remains unsolved. If some water reabsorption does occur, then the calculated Nare.b rate will be lower than the actual Nareb rate by a factor directly proportional to the rate of water reabsorption.
The third assumption is the absence of any significant Na back-diffusion from the surrounding interstitial fluid into the hypotonic sweat in the duct. There is no evidence, to our knowledge, supporting or denying this possibility. However, in the event that there is backdiffusion of sodium through the membrane, the calculated Nareab rate will again be lower than the actual Nareab rate in proportion to the rate of Na backdiffusion.
Obviously When the capacity of the sweat duct to reabsorb Na reaches a maximum (TmN.), the Na reabsorption rate will remain constant despite any increase in sweat rate. Consequently, an increase in sweat rate by this population (defined as enhancement) will necessarily result in an increase in the [Na] .a as shown in Fig. 2 Fig. 3 ).
This same concept between the per cent increase in Nareab rate and the per cent increase in sweat rate is a measure of the population recruited. A ratio of 1.00 indicates that all the increase in sweat rate is brought about by recruitment, while values between 0.00 and 1.00 indicate the relative participation of enhanced populations as well as recruited. As the ratio decreases, the percentage contribution due to enhancement increases.
If Nar.,b rates are calculated for various sweat rates and plotted as a function of sweat rate, then a straight line passing through the origin is obtained for recruited populations (Fig. 4) . This line will predict the increase in Nar..b when all the increase is due to recruitment. The slope of the line is 0 when all the increase is due to enhancement. The first method was total body heat exposure. It consisted of seating the subject in a heat chamber with conditions at 40'C dry bulb, 240C wet bulb, and 20% relative humidity. Experiments were conducted with three male subjects, all in good health.
The second method was the subdermal injection of 3 ml (14) . Two intradermal injections of 100 ug of Mecholyl in 0.5 ml of isotonic saline were given daily with 1 hr between injections. Four subjects (two men and two women) continued training for 18 days.
Sweat collection. Sweat was collected on filter papers in an unventilated capsule (8) . The filter paper to be used (Whatman filter paper, No. 1) was boiled twice in distilled water, rinsed several times with cold distilled water, and dried in a vacuum oven. This was done in order to remove as much innate Na and Cl as possible from the filter paper. Immediately before collection began, the chosen area of skin was washed with distilled water and dried. To Blanks for the filter paper and recoveries of NaCl solutions were run in every experiment. From the recoveries, the standard error for the Na determination procedure was calculated and found to be +10%. This is a rather large error since it includes not only the analytical error but others due to incomplete extraction of the salt, evaporation, dilution, etc. When the volume of sweat collected was below 0.03 ml, the analyses of the Na concentrations were discarded because the diluted concentrations were near the threshold of sensitivity of our apparatus and, thus, the error involved was too large.
RESULTS
Thermally induced sweat. 30 min after the subjects had entered the hot room, sweat was collected during two periods of 40 min each. Results presented in Table I show that the rate of sweating decreases during the second period and that of [Na]8w usually does also. Recruitment in sample 1 was calculated from values of sample 2. The ratios between the per cent increase in Na reabsorption rate and the per cent increase in sweat rate ranged from 0.73 to 1.13. Ratio values above 1.00 indicate that the Na reabsorption rates increased more than the sweat rates. This effect could be produced if the sweat ducts of glands in population 2 were reabsorbing Na below the TmN. but at the maximal rate in population 1.
In Fig. 4 A, Nareab rates were plotted against sweat rate for every pair of values in Table I . The shaded area represents the predicted trend for 100% recruitment or enhancement. It was calculated for an initial sample volume equal to the average of the experimental values and for two [Na] w, the lowest and the highest of this series. It can be observed that the slope of the lines joining the pair of observations approaches that calculated for total recruitment.
If Na excretion (iAEq) of sweat for the data in Table   I is plotted against the sweat rate (Fig. 5) , the experimental points can be compared with predicted lines for total recruitment and total enhancement. From these experiments, it appears that change in sweating under mild total body heat exposure is predominantly due to recruitment. Sweating due to subdernally injected Mecholyl. A 3 ml solution of Mecholyl in isotonic saline (200 Ag/ml) was injected subdermally and sweat collected immediately afterward during three periods of 40 min each. Table II shows that the sweat rate decreased from the first to the third collection period and that [Na] .w was always the highest in the first sample. In two experiments the volume of sweat collected in the third period was too small for accurate analysis and discarded. Ratios for the per cent increase in sweat rates and Nareab rates were calculated. The increase in the Nareab rate in relation to the increase in sweat rate (recruitment) ranged in this series from 0.78 to 1.12. The probable significance of values above 1.00 has been explained already.
In Fig. 4 B, Nareab rates were plotted against sweat rates for the experiment in Table II . The shaded area was calculated as described above. The slope of the lines tends to be less than that calculated for 100% recruitment. That the trend of sweating for these experiments is still mainly recruitment, but involves some enhancement, can be seen if Na excretion is plotted against sweat rate (Fig. 6) .
Sweat gland training. SWEAT VOLU ME, m1/ (40 min x unit area) FIGURE 6 Summary of results presented in Table II for Mecholyl-induced sweating. The slopes of the lines joining the experimental points again predominantly coincide with that for predicted recruitment, although some tend toward enhancement.
what (Fig. 7) . If Na excretion vs. sweat rate is plotted (Fig. 8 
DISCUSSION
The observed results for the training experiment could occur if a progressively smaller number of glands were increasingly active in producing sweat. As the number of active glands decreased, the amount of Na reabsorbed, according to our hypothesis, would be expected to decline. Thus the increased volume of sweat may have resulted from the enhanced activity of the remaining active sweat glands. Alternately, it is possible that the number of active sweat glands did not change, but that repeated exposure to the intradermally injected Mecholyl in some way inhibited the ability of the gland to reabsorb Na while still enhancing its activity, resulting in an increased sweat volume. Certainly it is possible that the capacity to reabsorb Na by individual sweat glands may change from time to time due to metabolic, hormonal, or other factors. This course does not seem likely, however, since the diet, environmental, and other conditions were relatively constant throughout the experimental period. Still another possibility is that the daily intradermal injections of Mecholyl recruited only sweat glands of a very high TmN., resulting in a homogeneous population. The latter possibility seems remote, however. In short, if the Nareb rate is a fair index of the number of sweat glands participating, the data on training indicate that the large increase in sweat volume, not accompanied by a proportional increase in Na reabsorption, was thus due predominantly to enhancement.
To calculate the contribution of recruitment to the increase in sweat rate, it was assumed that the initially active population was reabsorbing sodium at a maximal rate. According to the results of Cage and Dobson (1), this is achieved when the [Na]l, is around 20-30 /Eq/ml. Most of the initial sweat samples in our experiments had a [Na]sw within these limits. However, we must remember that these are mean values, and that groups of glands within the population sampled may be secreting sweat below or above the ductal reabsorption capacity for sodium. In the first case, any increase in sweat rate will be accompanied by an increase in the sodium reabsorption rate and will be computed as recruitment, as already explained. The second alternative, i.e. sweat secretion above the saturation point, will not alter the results since the Nareab rate will remain constant. Thus it is possible that values calculated for recruitment are too high, and conversely those for enhancement too low, depending on the actual value of TmN. for the given population of sweat glands.
In considering sweating at different rates, we picture a given area of skin as having a fixed population of sweat glands, different groups having different thresholds for the mediator. At a given weak stimulus some would become active, others remain inactive. At some strong stimulus all would become active. Finally, above this stimulus level, further increase in sweat rate would be possible only by increased activity of already active glands. This hypothesis suggests that at low rates of sweating, recruitment is the predominant feature of changes in rate, whereas at high rates enhancement becomes the predominant feature.
In the experiments of Cage and Dobson (1), the sweat rate (forehead) increased from 3 to 10 times as shown in their Table I . From this table we calculated the Nareab rates; they showed increments ranging from 80 to 322%. The increase in Na.eab was smaller in every case than the increase in sweat rate; thus the ratio between both varied from 0.24 to 0.38. This would indicate that in the experiments of Cage and Dobson the increase in sweat rate was brought about mostly by enhancement of the rate of secretion of the already active units (62-76% of the rate). This difference with our own observations most probably depends on the higher rates of sweat induced by them.
